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ABSTRACT

Generation of a stable plasma under ambient conditions (One Atmosphere
Uniform Glow Discharge Plasma - OAUGDP) has been developed and evaluated for
sterilization of various surfaces. Research to determine the effects of the OAUGDP on
foodborne pathogens is lacking. Thus, the objectives of this study were to determine the
efficacy of the OAUGDP for inactivation of foodborne pathogens and to evaluate the
influence of growth temperature, pH, and culture age on inactivation.
A wide variety of pathogens was used to test inherent differences among
microorganisms. Escherichia coli O157:H7, Listeria monocy togenes, Staphylococcus

aureus, Bacillus cereus, Salmonella Enteritidis, Vibrio parahaemoly ticus, Yersinia
enterocolitica, Shigellaflexneri, Clostridium sporogenes (surrogate for Clostridium
botulinum), and Clostridium perfringens were evaluated. Three-strain mixtures of each
bacterium were inoculated [6-7 log CFU/cm2 for all but Clostridium spp. (4-5 log
CFU/cm2)] onto non-selective agar media adjusted to pH 5 or 7. Samples were exposed
to the OAUGDP (0, control to 240 sec) immediately (within 30 min) or after incubation
for 24 hr at 10 or 35 °C. After exposure, the agar block was removed from slides and
pummeled in 0.1% peptone water with a stomacher, serially diluted, surface plated onto
non-selective media, and incubated at 35°C. Differences in pathogen survival as
influenced by treatments were determined.
Exposure time, pH, incubation temperature, culture age, and all of the interactions
affected survival of all pathogens exposed to the OAUGDP (P<0.05). The most
significant reduction of pathogens generally occurred during the initial exposure period
(30 or 90 sec) for all except Clostridium spp. which required altered methods due to
V

anaerobic constraints and an initial exposure of 1 or 5 sec. Populations of pathogens
incubated for 24 hr were more resistant than those exposed immediately after inoculation.
Incubation at 35°C before exposure resulted in greater resistance to OAUGDP
inactivation than incubation at l0°C. Incubation at l0 °C on pH 5 media rendered the
pathogens most susceptible to the OAUGDP. Typically, the non-linearity of inactivation
curves was not conducive for determining meaningful D-values over the entire
inactivation curve. Therefore, D-values (D;) were calculated using data from the
unexposed controls and the initial exposure times. Initial inactivation differences among
organisms were observed for 24-hr samples incubated at 35°C. Di-values for samples
incubated at 35°C/pH 7 ranged from 810.81 sec (B. cereus) to 5.06 sec (C. perfringens)
and from 271.08 sec (B. cereus) to 5.61 sec (C. sporogenes) for samples incubated at
35°C/pH 5. Overall, no appreciable differences in inactivation between Gram-positive
and Gram-negative pathogens were observed, although the sporeforming B. cereus was
more resistant to the OAUGDP than non-sporeformers and the anaerobic sporeformers.
These findings support the conclusion that we have demonstrated a potential for
use of the OAUGDP as a treatment of foods for pathogen reduction. Increased sensitivity
of pathogens to the OAUGDP at reduced pH and temperature is encouraging, since these
conditions are applicable to many foods during processing, handling, and storage.
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CHAPTER I

INTRODUCTION

Food safety is a major concern in every sector of the food industry. Scientists
continue to evaluate innovative means of inhibiting, destroying, and otherwise
controlling pathogenic microorganisms in foods. Despite the fact that proper cooking
remains the most effective means of rendering foods safe to eat, much research is focused
on the removal of microorganisms from fresh foods not intended for cooking. With the
preservation of fresh food quality being of utmost importance, process applications must
not only be effective at destroying microorganisms, but they must not result in
unacceptable changes in physical and organoleptic properties of food.
During the past few years, researchers have studied the benefits of such food
processing treatments as irradiation, high hydrostatic pressure, electrical stimulation, and
steam pasteurization for controlling foodborne pathogens. All of these methods have
been shown to have varying levels of success in pathogen inhibition (Buchanan et al.,
1998; Dorsa et al. , 1995 Patterson et al. , 1995; and Slavik et al. , 1991), yet problems such
as consumer acceptance (Resurreccion, 1995), worker safety, and expense have limited
their use.
Generation of plasma, the fourth state of matter, produces active species such as
ultraviolet photons, atomic oxygen, ozone and free radicals including superoxide,
hydroxyl, and nitric oxide. These active species can cause alterations in lipids, proteins,
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and nucleic acids, thus having antimicrobial effects (Bielski et al., 1983; Fridovich,
1995). These active species are potential sterilizing agents and are more chemically
reactive and more energetic than the species associated with conventional chemical
processing. Until recently, a stable glow discharge plasma could only be generated under
vacuum or with gases including helium and argon (Roth, 1995). A one atmosphere
uniform glow discharge plasma (OAUGDP) reactor has been developed (Roth et al. ,
1995; Roth et al. , 1995; Roth et al., 1995; Roth et al. , 1995; Roth, 1997) which makes it
possible to generate uniform glow discharge plasma at one atmosphere, in air and other
gases, at or near room temperature.
Studies have shown that the OAUGDP is effective in reducing microbial
populations on surfaces and materials (Ben Gadri et al. , 1999; Kelly-Wintenberg et al. ,
1998; Montie et al. , 2000). However, research to determine the effects of the OAUGDP
on foodborne pathogens is lacking. Inherent differences among bacteria such as cell
structure and intrinsic protective mechanisms make it critical to examine a wide variety
of pathogens. Kelly-Wintenberg et al. ( 1998) showed that the Gram-positive bacterium
Staphylococcus aureus was significantly more resistant to OAUGDP than Escherichia
coli and the sporeformers Bacillus stearothermophilus and Bacillus subtilis required

longer exposure times for inactivation than either of the former. Additionally, extrinsic
parameters such as pH (Conner and Kotrola, 1995; Leyer et al. , 1995) and incubation
temperature (Andrews et al., 1995) can effect the resistance/susceptibility of
microorganisms to decontamination methods (Brudzinski and Harrison, 1998; Juneja et
al. , 1998; Miller and Kaspar, 1994). Therefore, the objectives of this study were to
determine the efficacy of the OAUGDP for inactivation of foodborne pathogens surface
2

inoculated onto non-selective media and to evaluate the influence of growth temperature,
pH, and culture age on inactivation.
Funding for this research was provided by the United States Department of
Agriculture Cooperative State Research, Education, and Extension Service National
Research Initiative Competitive Grants Program, Project number 98-35201-6270.
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CHAPTER II

LITERATURE REVIEW

Non-thermal inactivation of foodborne pathogens
Consumer demands for fresh or minimally processed foods have prompted
scientists to develop and test new methods of controlling pathogens without sacrificing
product quality and wholesomeness. Numerous studies have shown irradiation to be
effective at destroying pathogens with varying levels of success under a wide variety of
conditions (Andrews et al., 1995; Buchanan et al., 1998; Byun et al., 1998; Radomyski et
al., 1994). A survey conducted by Resurreccion et al. (1994) showed that consumer
perception of irradiation is improving, but a large percentage of consumers are still
concerned about the safety of irradiated products. Although irradiation has gained
substantial media attention and has been approved for use on several foods, the search for
effective pathogen control in foods is not limited to this technology.
High hydrostatic pressure has also been shown to have a destructive effect on
food borne pathogens. Patterson and Kilpatrick ( 1998) showed 5 .0- and 6.0-log 10
reduction in E.coli O157:H7 and S. aureus in poultry meat and UHT milk, respectively.
These reductions were obtained with a combined heat treatment of 50°C and pressures
ranging from 275 to 700 Mpa during a 15 minute exposure. Effectiveness was
significantly reduced when heat was not applied during pressurization(< l-log 10
reduction). Additionally, there have been numerous studies on the effectiveness of
4

electrical stimulation on meat carcasses. Slavik et al. ( 1991) showed that electrical
stimulation reduces the number of salmonellae attached to chicken legs. Li et al. ( 1995)
demonstrated that electrical treatment of poultry chiller water effectively reduced
populations of Campylobacter jejuni, although the effectiveness was dependent on the
concentration of sodium chloride or trisodium phosphate in chiller water. There is also
concern for worker safety in processing environments in which water and electricity are
used.
Steam pasteurization can reduce microbes on the surface of food products. Dorsa
et al. ( 1995) reported that a commercial steam-vacuum, used in conjunction with hotwater washing and applied to beef and sheep carcasses, resulted in a 3.1 to 4.3 logreduction in aerobic bacteria, coliforms, and E. coli. Though steam pasteurization has
been shown to be effective, processes are expensive and require extensive floor space.
Bactericidal effects of plasma

Plasma, the fourth state of matter, consists of an energized mixture of ions and
electrons in a neutral gas. Plasma is commonly used to improve wettability, adhesion,
and printability of food packaging polymers (Ozdemir et al., 1999), but it is also known
that partially ionized glow discharges in air produce active species, which are potentially
sterilizing agents. Active species are created when air or other gases are passed through
the plasma and components become excited, dissociated, or ionized by electron impact
(Ben Gadri et al., 1999). These active species are more chemically reactive and more
energetic than the species associated with conventional chemical processing. Among
active species created in plasmas are strong oxidizing agents such as atomic oxygen,
ozone, and free radicals including superoxide, hydroxyl, and nitric oxide, as well as
5

ultraviolet photons and photons in the visible part of the spectrum (Roth, 1995).
Reactive oxygen species (ROS), including the previously mentioned superoxide,
hydroxyl, and nitric oxide, are capable of attacking cell components such as lipids,
proteins, and DNA, thus destroying the cell (Acworth and Bailey, 1995 ; Fridovich, 1995;
Bielski et al., 1983). Ultraviolet light has been shown to reduce E. coli and Salmonella
Softenberg populations on agar and pork surfaces (Wong et al. , 1998). Additionally,
ozone has long been established as a safe and effective sanitizing agent (Graham, 1997).
Background of Atmospheric Plasma Generation

Generation of plasma is not a new technology. In fact, dielectric barrier discharge
was used for production of ozone for water treatment as far back as the mid- l 800's (Ben
Gadri et al., 1999). Other atmospheric plasmas (but not glow discharges) studied include
corona discharges, arcjets, and inductive plasma torches (Roth, 1995), but these may not
be suitable for sterilization and processing applications due to limitations. Corona
discharges produce active species non-uniformly, and at rates too low for many
applications. The dielectric barrier discharge has a short duration, thus not allowing
chemical reactions required to produce many of the active species of interest.
Additionally, it is non-uniform and can cause pitting or pinholes in exposed material.
Atmospheric arcjets and inductive plasma torches heat the neutral gas and active species
to high temperatures and their high power density can damage many materials (Ben
Gadri et al. , 1999).
One Atmosphere Uniform Glow Discharge Plasma (OAUGDP)
History and physics of the OA UGDP

Until recently, production of glow discharge plasma required vacuum systems
6

which resulted in large machinery investments. Von Engle et al. (1933) produced a DC
glow discharge plasma at one atmosphere, but a vacuum system was required to initiate
the discharges, then the pressure was slowly raised. Other research has shown the
generation of steady state glow discharge plasmas at one atmosphere of pressure, but was
limited to the use of gases including helium and argon (Roth, 1995). Electric fields of
only a few kilovolts per centimeter are usually too low to electrically break down the
background gas (Ben Gadri et al., 1999).
As a result of the development of an ion trapping mechanism, a one atmosphere
uniform glow discharge plasma (OAUGDP) can be generated in air and other gases, at or
near room temperature (Roth et al., 1995; Roth et al., 1995; Roth et al., 1995; Roth et al.,
1995; Roth, 1997). The principle behind the ion trapping mechanism is ascertaining the
applied frequency in a narrow band in which the ions oscillate between the median screen
and an electrode plate such that they do not have time to reach either boundary during a
half period of oscillation. Inability of the more mobile electrons to leave the plasma
volume and impinge on the boundary surfaces produces the desired uniform plasma (Ben
Gadri et al., 1999). A radio frequency (RF) that is too low will allow the ions and the
electrons to reach the boundaries and recombine, resulting in no plasma initiation or a
few coarse filamentary discharges of plasma between the plates (Ben Gadri et al. , 1999).
Conversely, if the applied RF is too high, both electrons and ions will be trapped,
forming filamentary plasma (Ben Gadri et al., 1999). This breakthrough has alleviated
the need for expensive equipment and gas mixtures.
The OAUGDP parallel plate reactor is made of stainless steel and has interior
dimensions of 40x35x35 cm (width, height, and depth). A schematic diagram of the
7

OAUGDP Mod IV parallel plate reactor and photograph of the reactor in operation are
shown in Figures 1 and 2, respectively. During operation, a kilohertz electric field is
applied between two parallel metal plates. Each electrode has a 15-cm diameter, solid
steel face and at least one is covered with an insulator plate, to permit charge build-up,
which maintains the plasma from one half-cycle of the RF to the next and inhibits arcing
(Ben Gadri et al., 1999). The quartz, Pyrex, alumina or glass insulators have an area of
approximately 270 cm 2 and a thickness of 2-3 mm. The RF power supply consists of a
power amplifier which works over the range 1 to 100 kHz and at rms voltages up to 7.0
kV (Kelly-Wintenberg et al. , 1998). Plasma produced is uniform and stable with an
electrode separation up to 1.5 cm in dry air. To have a more uniform plasma and prevent
the formation of filamentary structures that lead to less efficient sterilization, air flow
through the reactor chamber is maintained in the range of 100 to 150 liters per minute
and at or below 14% relative humidity (Ben Gadri et al., 1999).
Efficacy of the OAUGDP

Research has shown that the OAUGDP has the ability to reduce microbial
populations on various surfaces. Kelly-Wintenberg et al. ( 1998) reported a 3-log
reduction in E. coli K-12 and S. aureus populations on polypropylene within 30 sec.
Similar killing was reported when polypropylene samples were placed in conventional
heat-sealed medical sterilization bags prior to plasma exposure, suggesting that
ultraviolet light is not a major contributor to the destruction of the organisms since the
opaque bags allow minimal light to pass through. Additionally, this research proved that
populations of E. coli K-12 were reduced by 90% within 5 sec exposure and no

8

Q-illLL WAlER

Et\O....CSl.RE

MA.TCHING
NE'T\i\rnK

(RLC CIRa.Jll)

GASlt--1...ET

SIG,J,A!..
GENERATffi

PCMER
MPI...IFlER
1-50 kHz
0-12 kVrrrs
5kVA
I\ET,AL B....ECTRCX:E

GAS EXHAJ..JST

__)~
Q-ilLL WATI:R

Figure 1. Schematic of the MOD IV One Atmosphere Uniform Glow Discharge Plasma
Parallel Plate Reactor. Dimensions of the reactor: 40 x 35 x 35 cm, width, height, and
depth respectively. (Figure courtesy of Professor J. R. Roth, University of Tennessee
Plasma Sciences Laboratory)
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Figure 2. Photograph of the MOD IV OAUGDP parallel plate reactor in operation.
(Figure courtesy of Professor J. R. Roth, University of Tennessee Plasma Sciences

Laboratory)

colonies grew on the filters after 15 sec exposure. S. aureus, prepared similarly, required
15 sec of plasma exposure to achieve 80% reduction and were not detected after 30 sec of
exposure. Also shown by this study was a 7 min exposure time required to reduce
Bacillus stearothermophilus spores by 2'. 3 log on Millipore HA filters and less than 5

min for a 2'. 5 log reduction of commercially prepared strips containing spores of Bacillus
subtilis. Furthermore, extended exposure times were required to inactivate E. coli K-12

and S. aureus embedded in 3-5 mm tryptic soy agar, suggesting that the active species
require longer time to penetrate the medium compared to filter paper and polypropylene
fabric (Kelly-Wintenberg et al., 1998).
Differences among microorganisms
Inherent differences among bacteria

Inherent differences among bacteria, such as cell structure, protective
mechanisms, and growth requirements, can cause different reactions to processing
methods. Bacteria can be classified as Gram-positive or Gram-negative based on cell
wall structure. Gram-positive bacteria have cell walls which contain thick peptidoglycan
layers connected by peptide chains and cross bridges, while Gram-negative bacteria have
cell walls that are primarily composed of lipopolysaccharide, phospholipid and protein,
and an underlying, thin peptidoglycan layer (White, 1995). Due to this protective
peptidoglycan layer, Gram-positive cell walls tend to be more resistant to physical
damage than Gram-negative cell walls (Tortora et al., 1982). Podolak et al. ( 1996)
reported that the Gram-positive pathogen Listeria monocytogenes is more resistant to
acids than the Gram-negative bacterium£. coli O157:H7. However, Razavi-Rohani and
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Griffiths (1994) showed that Gram-negative bacteria exhibit greater resistance to
monolaurin than Gram-positive bacteria.
Cell damage has been identified as the lethal effect of the OAUGDP, and physical
damage to the cell envelope was greater for E.coli O157:H7 than S. aureus (Montie et
al. , 2000). Release of macromolecules and death of the cells, caused by cytoplasmic
membrane alteration by the OAUGDP, was evidenced by an increase in absorbency when
examined in a spectrophotometer (Montie et al., 2000). Additionally, transmission
electron micrographs clearly show ruptured E. coli cells after 30 sec exposure to the
OAUGDP. S. aureus also exhibited macromolecular leakage, albeit at a slower rate than

E. coli (Montie et al., 2000).
Members of the Gram-positive Bacillus and Clostridium spp. have the ability to
form spores as a protective measure against unfavorable conditions. Resistance of spores
to sterilization processes is well documented and has been extensively studied (Setlow
and Johnson, 1997). As discussed previously, Kelly-Wintenberg et al. (1998) showed a
necessity for longer OAUGDP exposure times to destroy bacterial spores than vegetative
cells. Bacillus spp. are aerobic, sporeforming bacteria, while Clostridium spp. are
anaerobic and are sensitive to oxygen. Some bacteria produce enzymes, such as
superoxide dismutase and catalase, that aid in neutralizing toxic forms of oxygen
(superoxide free radicals and hydrogen peroxide, respectively). Obligate anaerobes, such
as most members of the genus Clostridium, do not produce superoxide dismutase or
catalase (Tortora et al., 1982), and although the bacteria have the ability to sporulate,
anaerobes could possibly be more sensitive to the OAUGDP than Bacillus.

Effect of growth conditions on bacteria
12

It is well known that growth, survival, and death of microorganisms are
influenced by intrinsic and extrinsic environmental factors. Intrinsic factors that may
stimulate or retard microbial growth include compounds added as preservatives,
oxidation-reduction potential, water activity, and pH, while extrinsic factors primarily
include temperature and gas composition (Montville, 1997). The optimum growth pH for
most microorganisms is near neutrality (Jay, 1992); optimum growth temperature varies
greatly among bacteria. Some pathogens grow at low temperatures (< l0 °C), but most
favor temperatures between 30 and 40°C (Montville, 1997). Changes from optimum pH
and temperature can cause changes not only in growth and structure of the cell, but also
in cell sensitivity/resistance to inactivation processes by inducing metabolic and
enzymatic changes in the cell (Jay, 1992).
Growth rates of Shigella flexneri in brain-heart infusion (BHI) media were
reduced more at pH 5.5 than at pH 6.5 and 7.5. The organism did not grow when
temperature was reduced from 37°C to l0 °C, or when temperatures were reduced to 19°C
at a pH 5 (Zaika et al. , 1989). Enhanced survival of E.coli O157:H7 under acidic
conditions has been noted when the pathogen is adapted for growth at lower pH
(Brudzinski and Harrison, 1998; Leyer et al. , 1995). Salmonella Typhimurium has also
been shown to exhibit a similar acid tolerance response (D 'Aoust, 1997). Additionally, E.

coli O157:H7 survives longer in acidic conditions at lower temperatures. Zhao et al.
(1993) reported that E. coli O157:H7 survived longer in apple cider at 8°C than at 25°C,
and Miller and Kaspar (1994) showed an increased survival of E.coli O157:H7 in apple
cider when stored at 4°C compared to 25 °C. Acid adapted cells of E.coli O157:H7 have
been shown to have greater resistance to irradiation than cells not adapted to acid
13

(Buchanan et al., 1998). D-values for L. monocytogenes in brain-heart infusion media,
significantly decreased with increased growth temperature when pH of the growth
medium was 5.4. However, D-values significantly increased with increased growth
temperature at pH 7, demonstrating that heat resistance of L. monocytogenes depends
upon its growth temperature (Juneja et al., 1998). Because of the complex make-up of
bacterial cell walls, behavioral changes may be due to alterations in cell wall
composition. Bodnaruk and Golden ( 1996) found that proportions of saturated to
unsaturated fatty acids of Yersinia enterocolitica fluctuated as pH and growth
temperature changed. Changes in the fatty acids could alter the susceptibility of cells to
oxidation. The more unsaturated fatty acids present would provide additional
opportunities for oxidizing agents to attach and thus weaken the cell membrane.
Although research has shown some organisms to have increased radioresistance with
increasing cell numbers, Andrews et al. (1995) found that L. monocytogenes at
populations of 109 CFU/ml had significantly lower irradiation D-values than at
populations of 106 CFU/ml.
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CHAPTER III

MATERIALS AND METHODS

OAUGDP reactor
The OAUGDP reactor was made of stainless steel, with interior dimensions of 40
x 35 x 35 cm in width, height, and depth, respectively. The water-cooled electrodes (18 x
15 cm) were covered with a plastic insulator to inhibit arcing. The RF power supply
consisted of a power amplifier which works over the range 1 to 100 kHz and at rms
voltages up to 7.0 kV. Samples were exposed at a voltage of 14 kV and a frequency of 6
kHz. Airflow in the reactor was approximately 2.6 mph. Gap distance between electrodes
was maintained at approximately 4.2 mm (Kelly-Wintenberg et al., 1998).
Sample preparation
Chambers were designed for transportation and incubation of samples. Each
chamber consisted of a 100 x 15 mm glass Petri dish with filter paper lining the bottom.
A bent glass rod was placed on top of the filter paper and a 25 x 75 x 1 mm plain, precleaned microscope slide was placed on top of the glass rod. All chambers were
assembled and sterilized in an autoclave at 121 °C for 15 min. Molten tryptic soy agar
(TSA; Difeo) was dispensed by pipette onto slides, leaving approximately 1 cm at the
end to facilitate removal from chambers. In place of TSA, reinforced clostridial agar
(RCA; Oxoid) was used for Clostridium spp. and TSA supplemented with 2% NaCl
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(TSA-N) was used for Vibrio parahaemoly ticus. Sterile media were adjusted to pH 5 or 7
using an 85% lactic acid solution (Sigma).

Bacterial strains and culture maintenance
Pathogens were maintained on agar slants of appropriate media, stored at 4 •C and
were grown for 24 or 48 hr (temperature listed below) in broth media according to
methods and temperatures described in the Compendium of Methods for the

Microbiological Examination of Foods (Vanderzant and Splittstoesser, 1992). A
minimum of three successive 24-hr transfers were made before cultures were used.
Three-strain mixtures of each test organism, with the exception of S. jlexneri (2 strains)
were evaluated. Equal proportions (5 mL) of each strain were transferred into a sterile 20
mL screw-cap test tube and thoroughly mixed using a vortex mixer. Initial populations of
the mixed strains were determined by direct plating onto TSA, RCA, or TSA-N (as
appropriate). Inoculated media were incubated as described below.
Aerobic or facultatively anaerobic pathogens investigated included Gramnegatives E. coli O157:H7, S. Enteritidis, S.jlexneri, V parahaemoly ticus, and Y.

enterocolitica and Gram-positives Bacillus cereus, L. monocytogenes, and S. aureus.
These bacteria were grown in tryptic soy broth (TSB; Difeo) and on TSA incubated at
35°C. V parahaemoly ticus strains were cultured at 35°C in TSB supplemented with 2%
NaCl and surface plated on TSA-N.
The anaerobic organisms Clostridium perfringens and Clostridium sporogenes (in
lieu of C. botulinum) were grown at 37°C for 48 hr in fluid thioglycollate medium and
reinforced clostridial broth (Difeo), respectively, and plated onto RCA. RCA plates were
incubated anaerobically using a BBL Gas Pak Anaerobic System (Becton Dickinson
16

Microbiological Systems, Cockeysville, MD) with anaerogen atmosphere generating
System (Oxoid) and incubated at 37°C for 24 h. Test organisms and their sources are
listed in Table 1.
Sample exposure
Sample slides were inoculated with 0.1 ml of mixed cultures. Inocula were
distributed over the agar surface using small, sterile bent glass rods. Samples were
exposed to the OAUGDP within 30 min after inoculation (0-hr samples) or after
incubation at 10 or 35°C for 24hr(24-hr samples). For incubated samples, the filter paper
in the glass chamber was moistened with 1 ml of sterile water to prevent drying of media
during incubation. Due to logistics, exposed 0-h samples were held for up to one hour
and 24-h samples for 3-4 hr prior to plating.
Because of potential differences in reactor behavior, three replicate slides were
exposed together. Slides were placed into the reactor, resting on the bottom insulator,
with clear end of slides positioned downstream from the airflow. Replicates were labeled
as "x, y, and z", and placed in the reactor, from front to back, respectively. The reactor
was loaded with samples and then sealed to prevent loss of active species. After a 1 min
purge with air (except for Clostridium spp.), the plasma was generated. The 0-hr samples
were exposed for O (control), 30, 60, and 90 sec, while the 24-hr cultures were exposed
for O (control), 90, 180, and 240 sec.
Populations of control and exposed test organisms were determined immediately
after exposure using procedures described by Semanchek and Golden (1997). The entire
agar block was aseptically removed from slides, placed into sterile stomacher bags
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Table 1. Bacterial culture strain identification and source.

Pathogen

Strain/Source

B. cereus

ATCC 145791, ATCC 13061 2, ATCC 108762

C. perfringens

ATCC 36261, ATCC 36241, ATCC 13124 1

C. sporogenes

ATCC 35841, ATCC 194041, ATCC 114372

E. coli O157:H7

ATCC 438941, Salami3, Apple cider4

L. monocy togenes

Scott A (serotype 4b) 5 / human isolate,
Meatl (serotype 4)5 / meat isolate,
Meat2 (serotype 1)5 / meat isolate

S. Enteritidis

ATCC 130761, H4639 (PT39) 6 I egg outbreak,
H4717 (PT8) 6 I egg outbreak6

S. flexneri

ATCC 12022 1, ATCC 9199 2

S. aureus

ATCC 126001, ATCC 494442, ATCC 25923 2

V. parahaemoly ticus

ATCC 1780l1, 10947 / raw oysters, 1163 7 / raw crabs

Y. enterocolitica

ATCC 96101, ATCC 550751, YE228 (serotype 0:3) 8

1

American Type Culture Collection, Rockville, MD
Microdiagnostics Inc., Lombard, IL
3
A.M. McNamara, USDA-FSIS , Washington, DC
4
M .P. Doyle, University of Georgia, Griffin
5
UT Culture Collection
6
L.R. Beuchat, University of Georgia, Griffin
7
S. McCarthy, FDA, Dauphin Island, AL
8
P. Feng, FDA, Washington, DC

2
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with 50 ml of 0.1 % peptone water (PW), and pummeled for 1 min, at medium power, in a
Stomacher 80 Lab Blender (Seward Medical, London, UK). Samples were serially
diluted in PW and surface plated (0.1 ml) in duplicate onto TSA, RCA, or TSA-N
(100xl5 mm plates) and incubated at 35°C for 24-46 hr before colonies were
enumerated. Clostridia were incubated under anaerobic conditions as described
previously. Using this dilution scheme, the limit of detection for all test organisms was
1.90 log CFU/cm2 •

Calculation of D-values
Due to non-linear overall survival curves for organisms, D-values were calculated
for initial exposure times of 30 or 90 sec for 0- or 24-hr samples, respectively ( 1 or 5 sec
for Clostridium spp.). D-values for initial exposure times (D) were calculated by
determining slopes for lines formed by plotted data between the control samples and
initial exposure times. The negative reciprocal of the slope was calculated as the Divalue. High Di-values for B. cereus, compared to other organisms tested, caused skewing
of the data. Therefore, Di-values greater than 200 were set at 200 for statistical analysis
only. Di-values reported are actual means of three replications.

Statistical design and analyses
The statistical plan was a completely randomized design with factorial treatments
of culture age, exposure time, pH, and incubation temperature, with repeated measures
over time to analyze bacterial counts. Analysis of variance was used to determine
whether experimental factors of culture age, exposure time, pH, and incubation
temperature affected bacterial counts. The analysis of data was conducted by SAS®(SAS
Institute Inc. , 1989) with mixed models procedure (PROC MIXED) and significance of
19

factors set at P<0.05. Three replications were conducted for each treatment and plates for
enumeration were performed in duplicate. The least significant difference (LSD) method
was used for means separation (P<0.05). The complete SAS program editor is included in
Appendix A.
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CHAPTER IV

RESULTS

Escherichia coli 0157:H7
Survival of E. coli O157:H7 was affected by exposure time, pH, culture age,
incubation temperature and all of the interactions (P<0.05). Figure 3A shows survival of

E.coli O157:H7 0-hr samples (0-hr samples were exposed to the OAUGDP within 30
min after inoculation) and Figure 3B depicts 24-hr E.coli O157:H7 samples incubated at
10 or 35 °C at pH 5 and 7 (designated by incubation temperature/pH, e.g. 35 °C/5 = 35 °C
incubation at pH 5). The most significant destruction occurred within the first 30 sec
exposure for 0-hr samples and within the first 90 sec for 24-hr samples.
At pH 7, 0-hr sample populations were reduced from 7.64 log CFU/cm2 to 5.23
log CFU/cm2 after 30 sec exposure to the OAUGDP (P<0.05). Samples exposed for 60
and 90 sec showed significant reduction from the initial population, but were only
reduced by 2.28 and 1.12 log CFU/cm2, respectively. Although 90 sec ofOAUGDP
exposure yielded higher counts than with 30 and 60 sec exposure, the populations were
significantly lower than the initial populations.
E. coli O157:H7 inoculated onto media adjusted to pH 5 were more sensitive to

plasma inactivation than at pH 7. The initial 30 sec exposure reduced pathogen
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populations by 3.01 log CFU/cm 2 (P<0.05). Unlike at pH 7, populations at pH 5
continued to decline with increasing exposure time. Sixty-seconds exposure to the
OAUGDP reduced initial populations by 3.82 log CFU/cm2, and populations were
reduced to non-detectable levels after 90 sec.
Samples incubated at l0°C were more susceptible to the OAUGDP than those
incubated at 35°C. Populations for Treatments 35°C/7 and 35°C/5 increased to >9 log
CFU/cm 2 after incubation. E.coli O157:H7 at pH 7 was reduced from 9.16 to 8.44 log
CFU/cm2 after an initial 90 sec plasma exposure (P<0.05). After 150 sec exposure, the
pathogen was not significantly reduced further (7.94 log CFU/cm2), but significantly
declined after 240 sec exposure, for a total reduction of 1.56 log CFU/cm2 • Treatment
35 °C/5 showed less resistance to the OAUGDP than 35°C/7. A 2.00 log CFU/cm 2
reduction after exposure for 90 sec was followed by significant decreases in populations
after 150 and 240 sec (2.62 and 3.29 log CFU/cm 2 reduction, respectively). When
incubated at l0°C, E.coli O157:H7 control populations did not change (P>0.05). With
starting counts of 7.32 log CFU/cm2, Treatment l0°C/5 populations decreased to 5.13 log
CFU/cm 2 after 90 sec exposure, then further decreased to 4.98 log CFU/cm 2 after 150 sec
and 4.40 log CFU/cm2 after 240 sec. Populations exposed to the OAUGDP for 240 sec
were significantly lower than those exposed for 90 sec, but 150 sec exposure were not
different from 90 sec or 240 sec exposures {P>0.05). The combination of lower pH (5)
and temperature (l0°C) proved to have the most detrimental effect on the cells. E. coli
O157:H7 (7.04 log CFU/cm 2) was inactivated to a level below the limit of detection
(1.90) after the initial 90 sec exposure.
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Listeria monocytogenes

Survival of L. monocytogenes was affected by exposure time, pH, culture age,
incubation temperature and all of the interactions (P<0.05). Survival curves for L.
monocytogenes are shown in Figures 4A (0-hr) and 4B (24-hr). The most significant

reduction in bacterial counts was observed after the first plasma exposure time - 30 sec
for 0-hr samples and 90 sec for 24-hr samples. Samples on media at pH 5 were more
susceptible to the OAUGDP than those at pH 7. At pH 7, populations were significantly
reduced from 7.30 to 5.47 log CFU/cm2 after 30 sec plasma exposure. There was no
further decrease after 60 and 90 sec exposure (P>0.05), with a total inactivation of 2.32
log CFU/cm2 after 90 sec plasma exposure. Initial populations of L. monocytogenes at pH
5 (6.57 log CFU/cm2) declined by 2.83 log CFU/cm 2 after plasma exposure of 30 sec
(P<0.05), again with the no significant change after 60 sec. However, after 90 sec
exposure, the counts were significantly lower than all other treatments, with a total
pathogen inactivation of 4.45 log CFU/cm2•
After 24-hr incubation, samples at 35°C exhibited greater resistance to the
OAUGDP than those at l0°C. Treatment 35°C/7, with starting populations of 7.70 log
CFU/cm2, were significantly reduced to 5.46 after 90 sec exposure and was not
significantly reduced further until after 240 sec exposure (4.08 log CFU/cm 2), for a 3.62
log CFU/cm2 total reduction. Treatment 35°C/5 increased to 9.08 log CFU/cm2 and
showed a reduction of 2.83 log CFU/cm2 after 90 sec, but was not significantly reduced
further after 240 sec plasma exposure. However, after 90 sec exposure, and with similar
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starting populations (7.6 log CFU/cm2), counts were significantly lower for Treatment
l0°C/7 (4.30 log CFU/cm 2) than 35°C/7 (5.46 log CFU/cm2). No further significant
reduction in Treatment l0°C/7 L. monocytogenes populations occurred after 150 sec
exposure, but populations declined to 3.40 log CFU/cm2 after 240 sec (P<0.05), for a
total reduction of 4.26 log CFU/cm2 . Again, the treatment combination 10°C/5 proved to
render the cells more susceptible to the OAUGDP, reducing populations to below the
limit of detection within 90 sec exposure, for a total reduction of 2'.: 4.48 log CFU/cm2•

Staphylococcus aureus
Survival of S. aureus (Figure 5) was affected by exposure time, culture age, pH
for 24-hr samples, incubation temperature and all of the interactions (P<0.05). The
largest reductions in bacterial counts were observed after the first plasma exposure time 30 sec for 0-hr samples and 90 sec for 24-hr samples. No significant difference in
survival was evident between samples at pH 5 and 7 for 0-hr samples. Samples at pH 7
had initial counts of 6.72 log CFU/cm2, declining to 4.25 log CFU/cm2 after 30 sec
plasma exposure (P<0.05). After 60 sec exposure, there was no further reduction, but
populations were reduced to 2.95 CFU/cm2 after 90 sec exposure (P<0.05). At pH 5, S.
aureus was reduced initially from 7.11 to 4.83 log CFU/cm2 (P<0.05), and after an
insignificant decrease after 60 sec, populations were reduced to 3.00 log CFU/cm2 after
90 sec plasma exposure (P<0.05). Total reduction of 0-hr S. aureus (90 sec), at pH 5 and
7, was 3.77 and 4.11 log CFU/cm2, respectively.

S. aureus incubated at 35°C grew to significantly higher populations at pH 7 than
those at pH 5 (8.84 and 7.53 log CFU/cm2, respectively). A 0.98 log CFU/cm 2 reduction
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was seen after an initial 90 sec exposure for treatment 35°C/7 (P<0.05). However, no
further significant reduction in population occurred, even after the maximum 240 sec
plasma exposure. OAUGDP exposure of 90 sec inactivated Treatment 35°C/5 by 2.27 log
CFU/cm2 (P<0.05) and by 1.60 log CFU/cm2 after 150 sec (P<0.05). No additional
significant reduction was noted after 240 sec exposure, for a total inactivation of 4.16 log
CFU/cm 2• Initially (90 sec exposure), Treatment 10 •C/7 was reduced from 6. 72 to 4.05
log CFU/cm2 (P<0.05), and populations declined to 3.25 log CFU/cm2 after 150 sec
(P<0.05). Again, counts did not significantly change after 240 sec plasma exposure, with
a total inactivation of 3.53 log CFU/cm2• Treatment l0 °C/5 however, showed the greatest
susceptibility, as compared with other treatments. Initial populations were reduced from
7.23 to 2.21 log CFU/cm2 after 90 sec exposure (P<0.05). Notably, counts were
significantly higher after 150 sec plasma exposure (3 .57 log CFU/cm2), but were not
detected after 240 sec exposure, for a total inactivation of ~5.34 log CFU/cm2 (P<0.05).
Bacillus cereus

Survival of B. cereus was affected by exposure time, pH, incubation temperature,
culture age, and all of the interactions (P<0.05). Survival curves for B. cereus exposed to
the OAUGDP are shown in Figures 6A (0-hr) and 6B (24-hr). Inactivation was greatly
enhanced at pH 5. Initial populations of 4.94 log CFU/cm 2 were reduced to below the
detection limit within 30 sec exposure (P<0.05) for a total inactivation of ~3.04 log
CFU/cm2• In contrast, 0-hr samples at pH 7 showed a reduction of the pathogen from
5.83 to 3.70 log CFU/cm 2 after 30 sec exposure (P<0.05). Populations did not
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significantly decrease further after 60 sec exposure, but after 90 sec, counts were reduced
to 3.01 log CFU/cm 2 , differing from 30 sec (P<0.05) but not from 60 sec exposure
(P>0.05).
Samples incubated for 24 hr had substantially increased resistance to the
OAUGDP, particularly those incubated at 35°C, as compared with 0-hr samples.
Treatments 35°C/7 (7.57 CFU/cm2, initial) and 35 °C/5 (7.90 log CFU/cm2, initial) did not
differ and exhibited reduction of only 0.49 and 0.44 log CFU/cm 2, respectively, after 240
sec plasma exposure (P>0.05). Treatment l0 °C/7 was reduced by 90 sec plasma exposure
from 5.71 to 3.08 log CFU/cm 2 (P<0.05), but did not decline further after up to 240 sec
exposure. Pathogen populations with Treatment l0 °C/5 (initially 4.93 log CFU/cm 2)
were reduced to 3.11 log CFU/cm2 (P<0.05). Similar to Treatment l0 °C/7, no further
reduction was noted with increasing exposure time. Overall, at l0 °C, samples on pH 7
media showed greater reduction than pH 5 (2.47 and 1.75 log CFU/cm 2 total reduction,
respectively).
Salmonella Enteritidis

Survival of S. Enteritidis was affected by exposure time, pH, incubation
temperature, culture age, and all of the interactions (P<0.05). Survival curves for S.
Enteritidis exposed to the OAUGDP are shown in Figures 7A (0-hr) and 7B (24-hr).
Cultures inoculated on TSA acidified to pH 5 were more susceptible to the OAUGDP
than those at pH 7. After 30 sec exposure, counts for pH 7 samples were reduced from
7.31 to 5.38 log CFU/cm2 (P<0.05). No further significant change was seen after up to 90
sec exposure. However, at pH 5, starting populations of 7.04 log CFU/cm2 were reduced
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to 3.34 log CFU/cm2 after 30 sec exposure (P<0.05), with no significant change after 60
and 90 sec plasma exposure.
Samples exposed to the OAUGDP after 24-hr incubation at 35°C showed greater
resistance to the destructive effects of the plasma than those at l0 °C. Treatment 35 °C/7
populations increased to 9.33 log CFU/cm2 and were reduced to 7.82 log CFU/cm 2 after
90 sec exposure (P<0.05). A slight decline in S. Enteritidis counts to 7.15 log CFU/cm 2
was noted after 240 sec exposure (P>0.05). Starting populations of 8.94 log CFU/cm 2 for
Treatment 35°C/5 declined to 7.51 log CFU/cm2 after 90 sec exposure (P<0.05). Counts
showed a steady decline with increasing exposure time, being reduced to 6.71 and 6.03
log CFU/cm2 after 150 and 240 sec plasma exposure, respectively. Treatment l0 °C/7
resulted in initial populations of 7.21 log CFU/cm 2• A 1. 73 log CFU/cm2 reduction of S.
Enteritidis was observed after 90 sec exposure (P<0.05). No significant further reduction
in population occurred after 150 sec exposure, but populations after 240 sec were
significantly lower than those after 90 sec exposure. Treatment 10°C/5 proved to have the
most detrimental effect on survival of S. Enteritidis exposed to the OAUGDP. Initial
populations of 7.23 log CFU/cm2 were reduced to 4.40 log CFU/cm2 after 90 sec
exposure (P<0.05). An additional 1.29 lpg CFU/cm2 reduction was noted after 150 sec
plasma exposure (P<0.05), and the pathogen was not detected 240 sec exposure (P<0.05),
for a total inactivation of ~5.33 log CFU/cm 2 .
Vibrio parahaemolyticus
Survival of V parahaemolyticus was affected by exposure time, pH, incubation
temperature, culture age, and all of the interactions (P<0.05). Survival curves for V

parahaemolyticus exposed to the OAUGDP are shown in Figures 8A (0-hr) and 8B (2432

8

A

7
6

5

-+- pH 7

4

-a- pH 5

3

Na

2

::::>

ND

-u
u

µ.,

60

30

0

90

bl)

0

...:l

10
9

8

7

~

6

-a- 35°C/pH5

5

10°C/pH7

4

,3- 10°C/pH5

35°C/pH7

3
2

ND
0

60

120

180

240

Exposure Time (sec)
Figure 8. Survival of Vibrio parahaemolyticus immediately after inoculation (A) and
after 24-hr incubation at 35 or l0°C (B) on TSA + 2% NaCl at pH 7 or 5 and exposed to
the OAUGDP. Limit of detection (denoted by dashed line) is 1.90 log CFU/cm2; ND=
not detected.

33

hr). Samples at pH 7 were more resistant to the OAUGDP than those at pH 5. Initial
populations at pH 7 (6.21 log CFU/cm2) were reduced to 4.01 log CFU/cm 2 after 30 sec
exposure (P<0.05) and continued to decline significantly after 60 (2.87 log CFU/cm 2) and
90 sec exposure (2.09 log CFU/cm2), for a total inactivation of 4.10 log CFU/cm2• At pH
5, V. parahaemoly ticus counts declined from 5.84 log CFU/cm2 to below the limit of
detection within 30 sec exposure to the OAUGDP (P<0.05). Total inactivation for 0-hr
samples at pH 5 was ~3.94 log CFU/cm 2•
After 24-hr incubation, V. parahaemolyticus incubated at 35°C showed greater
resistance to the OAUGDP than those at l0°C. Treatment 35°C/7 initial populations of
8.87 log CFU/cm 2 were reduced to 8.04 log CFU/cm 2 after 90 sec exposure (P<0.05).
Further reduction in cell numbers to 7.30 and 6.30 log CFU/cm2 was observed after 150
and 240 sec exposure, respectively (P<0.05). Treatment 35 °C/5 populations were reduced
from 9.46 to 8.62 log CFU/cm2 after 30 sec plasma exposure (P<0.05) and significantly
reduced again after 240 sec exposure, for a total inactivation of 7.46 log CFU/cm2• V.
parahaemoly ticus Treatment l0°C/7 had higher initial populations (6.39 log CFU/cm2)

than Treatment l0°C/5 (4.94 log CFU/cm2). Treatment l0°C/5 populations were reduced
to below the detection limit after 90 sec exposure (P<0.05), for a ~3.04 log CFU/cm 2
total reduction. Although Treatment l0°C/7 populations were higher initially, they were
reduced by 3.29 log CFU/cm2 after 90 sec exposure (P<0.05) and counts were below the
detection limit after 150 sec plasma exposure.
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Yersinia enterocolitica
Survival of Y. enterocolitica was affected by exposure time, pH, incubation
temperature, culture age, and all of the interactions (P<0.05). Survival curves for Y.
enterocolitica exposed to the OAUGDP are shown in Figures 9A (0-hr) and 9B (24-hr).

Samples (0-hr) at pH 7 were more resistant to the OAUGDP than those at pH 5. Starting
populations of 6.64 log CFU/cm2 (pH 7) were reduced to 3.86 log CFU/cm 2 after 30 sec
plasma exposure (P<0.05) and showed a total reduction of 3.41 log CFU/cm 2• Y.
enterocolitica on TSA at pH 5 was reduced from 6.06 to 2.77 log CFU/cm2 after 30 sec

plasma exposure (P<0.05). After a slight, insignificant increase at 60 sec, counts
decreased to below the detection limit after 90 sec exposure to the OAUGDP, for a total
inactivation of ~4.16 log CFU/cm2 .
Treatment 35°C/7 counts declined significantly, from 8.96 log CFU/cm 2 initially
to 7.54 and 6.51 log CFU/cm2, after 90 and 150 sec plasma exposure, respectively. No
significant additional change in pathogen numbers was noted at 240 sec exposure. A
gradual decline in Treatment 35°C/5 populations was noted as OAUGDP exposure time
increased. Initial populations of 9.09 log CFU/cm 2 were not significantly reduced until
after 150 sec exposure (0.88 log CFU/cm2 reduction; P<0.05) and did not significantly
decline further. Y. enterocolitica incubated at l0°C were more susceptible to the
OAUGDP than those incubated at 35°C. Treatment l0°C/7 populations (7.49 log
CFU/cm2 initial) were reduced to 1.95 log CFU/cm2 after 90 sec plasma exposure
(P<0.05) and declined to below the limit of detection after 150 sec, for a total inactivation
of ~5.59 log CFU/cm2 • Treatment l0°C/5 cultures were not as quickly inactivated, but
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patterns were similar to Treatment l0°C/7. Populations were reduced from 6.00 to 2.58
log CFU/cm 2 after 30 sec plasma exposure (P<0.05), and Y. enterocolitica counts were
below the limit of detection within 150 sec exposure, for a total inactivation of z 4.10 log
CFU/cm2 •
Shigella flexneri
Survival of S. flexneri was affected by exposure time, pH, incubation temperature,
culture age, and all of the interactions (P<0.05). Survival curves for S. flexneri exposed to
the OAUGDP are shown in Figures l0A (0-hr) and 10B (24-hr). After 30 sec exposure to
the OAUGDP, survival of the pathogen was not affected by pH (P>0.05). Initial
populations of 6.78 and 6.79 log CFU/cm 2 were reduced to 3.65 and 3.20 log CFU/cm2 at
pH 5 and 7, respectively (P<0.05). At pH 7, S. flexneri populations were not significantly
reduced further after 60 sec exposure, but were after 90 sec (2.45 log CFU/cm2). When
incubated on TSA at pH 5, populations were not detectable after 90 sec exposure.
Treatment 35°C/7 was most resistant to the OAUGDP. Populations were reduced
from an initial 7.82 log CFU/cm2 to 5.67 log CFU/cm 2 after 90 sec exposure (P<0.05).
No significant change in population was seen after 150 sec, but counts were further
reduced (4.19 log CFU/cm2) with a plasma treatment of 240 sec (P<0.05). After 90 sec
exposure, Treatment 35°C/5 showed a similar reduction to Treatment 35 °C/7 of 2.35 log
CFU/cm2 (7.46 to 5.10 log CFU/cm2) . For Treatment 35°C/5, S. flexneri was not detected
after 150 sec plasma exposure, thus giving a total reduction of z 5.56 log CFU/cm2 •
Although Treatment l0°C/7 had a higher initial population than Treatment 35 °C/5, the
former was not reduced to undetectable levels until after 240 sec exposure. Treatment
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l0°C/7 populations were reduced from 6.60 to 3.73 log CFU/cm2 by 90 sec plasma
exposure (P<0.05). Populations were further reduced by 1.64 log CFU/cm 2 after 150 sec
exposure (P<0.05) and counts were below the detection limit after 240 sec, for a total
inactivation of 2'. 4.70 log CFU/cm2 . Populations for Treatment l0°C/5 were reduced from
6. 74 to 3.11 log CFU/cm 2 after 90 sec exposure (P<0.05), and counts were below the
limit of detection after 150 sec plasma exposure, for a total inactivation of 2'. 4.84 log
CFU/cm2•
Clostridium sporogenes
Survival of C. sporogenes was affected by exposure time, pH, incubation
temperature, culture age, and all of the interactions (P<0.05). Survival curves for C.
sporogenes exposed to the OAUGDP are shown in Figures 1 lA (0-hr) and 1lB (24-hr).

Preliminary studies showed a need for shorter exposure times for C. sporogenes. No
significant reduction in population of 0-hr samples at pH 5 was observed after exposure
for up to 10 sec. At pH 7, populations were reduced from 4.22 to 3.51 log CFU/cm 2 after
exposure for 10 sec (P<0.05). Exposure times longer than 10 sec resulted in rapid and
complete inactivation of C. sporogenes (data not shown).
After 24-hr of incubation, Treatment 35 °C/7 populations increased to 5.35 log
CFU/cm 2, but were not significantly reduced by plasma treatment for up to 20 sec.
Treatment 35°C/5 had starting cell concentrations of 4.28 log CFU/cm2, and this level
was reduced to 3.38 and 1.99 log CFU/cm2, after 5 and 20 sec plasma exposure,
respectively (P<0.05). Sample populations with Treatment l0°C/7 were reduced from
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4.03 log CFU/cm 2 initially to 3.08 log CFU/cm2 after 20 sec exposure (P<0.05). A
reduction was noted after 5 and 10 sec OAUGDP treatment, but counts were not
significantly reduced until after 20 sec exposure. Treatment 10 °C/5 populations were
reduced from 4.22 to 3.33 log CFU/cm 2 after 10 sec plasma exposure and were further
reduced to 2.39 log CFU/cm 2 after 20 sec exposure (P<0.05). This resulted in a 1.83 log
CFU/cm 2 reduction in viable C. sporogenes. Cultures at pH 5 showed greater
susceptibility to the OAUGDP, regardless of incubation temperature. Additionally,
Treatment l0 °C/5 showed greater resistance to the OAUGDP than 35 °C/5.

Clostridium perfringens
Survival of C. perfringens was affected by exposure time, pH, incubation
temperature, culture age, and all of the interactions (P<0.05). Survival curves for C.

p erfringens exposed to the OAUGDP are shown in Figures 12A (0-hr) and 12B (24-hr).
Figure 12B depicts only Treatment 35 °C/7 data because other 24-hr sample treatments
did not support survival of the pathogen. Samples immediately exposed to the OAUGDP
following inoculation were more easily inactivated at pH 5 than at pH 7 (P<0.05). At pH
5, C. perfringens populations (4.04 log CFU/cm2 initially) were reduced to nondetectable levels( ~ 2.14 log CFU/cm 2 reduction) after only 5 sec of exposure.
Populations on media at pH 7 significantly declined from 4.12 to 3.45 log CFU/cm 2 after
5 sec plasma exposure and were reduced to below the detection limit after 10 sec
exposure.

C. perfringens did not survive after 24-hr incubation at pH5 or at 10°C. For
Treatment 35°C/7, the organism grew to 7.04 log CFU/cm 2 • Exposure to the OAUGDP
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for 5 and 10 sec reduced C. perfringens populations to 6.04 and 5.33 log CFU/cm 2 ,
respectively (P<0.05). After 20 sec of plasma exposure, populations declined to 4.48 log
CFU/cm2, for a total reduction of 2.56 log CFU/cm2 •

Effect of intrinsic and extrinsic factors
This research revealed that exposure time, pH, incubation temperature, culture
age, and all of the interactions influenced survival of all test organisms exposed to the
OAUGDP (P<0.05). The non linear survival curves exhibited in this study were not
conducive to determination of meaningful D-values over the entire inactivation curve.
Therefore, the initial exposure time was used for the determination of an initial D-value
(D), for the purpose of making comparisons in general resistance to the OAUGDP. Divalues for test organisms with all treatment combinations are shown in Table 2.
Di-values did not differ among organisms for any treatment other than those after
24-hr incubation at 35°C. B. cereus was more resistant to the OAUGDP than other test
organisms at pH 5 and 7 (Di = 271.1 and

810.8 sec, respectively). At pH 7 C.

perfringens was most susceptible to the plasma (5.1 sec) while C. sporogenes (5.6 sec)
exhibited the lowest Di-value at pH 5 (notably, C. perfringens was not recovered at pH
5). There were no appreciable differences between Gram-positive and Gram-negative
organisms. Gram-positive, spore-forming bacteria did, however, show greater resistance
than non-sporeforming organisms. Overall, the aerobic sporeformer, B. cereus was more
resistant than other test organisms. C. sporogenes and C. perfringens were overall the
most sensitive organisms tested.
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Table 2. Di-values for test organisms after initial exposure to a OAUGDP.

Di-value 1 at:
Organism

pH5

pH 7

35·cn

1o·cn

35·c15

E. coli O157:H7

10.0

12.5

130.9

42.3

45.0

18.0

L. monocy togenes

10.7

16.5

40.8

28.4

54.1

18.7

S. aureus

14.3

12.2

92.3

33.8

40.6

19.2

B. cereus

~7.5

14.1

2! 810.8

34.3

2! 271.1

49.8

S. Enteritidis

8.4

16.7

60.51

52.1

63.4

32.9

V parahaemoly ticus

~6.5

13.7

109.5

27.4

109.0

~34.3

Y. enterocolitica

9.3

11.9

64.3

17.2

167.9

26.5

S.flexneri

10.0

8.9

42.3

31.4

38.6

24.8

C. sporogenes

8.1

5.9

8.8

12.2

5.6

14.8

C. perfringens

1.6

3.9

5.1

NA

NA

NA

1

10·c 15

lnitial exposure time = 30 sec for cultures immediately exposed after inoculation (1 sec
for clostridia) onto media at pH 5 or 7 and 90 sec for cultures exposed after
24hrincubation at 35 or l0 °C (5 sec for clostridia).
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Pathogens were generally more resistant to inactivation by the OAUGDP after
incubation on agar media for 24 hr as compared with resistance of pathogens exposed
immediately after inoculation onto agar media. Generally, organisms on agar media at
pH 5 rendered the organisms more susceptible to the OAUGDP than at pH 7, and
organisms incubated at 35°C were generally more resistant than those incubated at l0 °C.
Complete inactivation was achieved within 240 sec of exposure for non-sporeforming
pathogens after incubation at pH 5 and 10 °C. Overall, incubation at pH 5 and 10 °C was
most detrimental to the plasma resistance of the organisms tested, followed by
Treatments l0°C/7, 35°C/5, and 35°C/7.
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CHAPTERV

DISCUSSION

Biphasic inactivation curves
Most of the inactivation curves followed a biphasic pattern. The typical biphasic
inactivation curve consisted of two, distinct linear portions with either a non-linear
portion between them or an initial steep decline followed by a "tailing off' effect.
Deviations from a log-linear decline in surviving cells has been reported for thermal
destruction of E.coli O157:H7 (Juneja et al. , 1997) as well as L. monocy togenes and S.
aureus (Kamau et al. , 1990). Additionally, Paz et al. (1993) described a biphasic survival

curve for Y. enterocolitica exposed to chlorine. The proposed reason for this tailing off
effect in bacterial destruction was due to the presence of more heat and chlorine resistant
mutants, respectively. Kelly-Wintenberg et al. ( 1998) also described a biphasic
inactivation curve for E. coli and S. aureus exposed to the OAUGDP.
Genetic mutations causing changes in cell membrane composition may account
for some organisms being more resistant to the OAUGDP than others. However, the
leveling off phenomenon exhibited in this research can most likely be attributed to cell
concentration. In order to show measurable differences among pathogens, large initial
populations were required. The high cell concentration, particularly after 24hrincubation,
would promote a layering of the cells on the agar surface forming a biofilm. The active
species responsible for cell destruction would be required to diffuse through multiple
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layers of cell biomass in order to contact the bottom layers. Peleg and Cole ( 1998)
discussed under- or overestimating organism destruction due to extrapolation of
nonlinear inactivation curves. The inconsistency in line equations prompted the use of D;
values for comparison of OAUGDP effectiveness in this study.
Several pathogens including E. coli O 157 :H7, L. monocytogenes, S. aureus, S.
Enteritidis, and Y enterocolitica exhibited higher survivor counts after longer exposure
times with various treatment combinations. This unusual variation in the effectiveness of
the OAUGDP reactor may be explained by variations in extrinsic and intrinsic reactor
properties. Relative humidity as well as other extrinsic parameters, can influence plasma
uniformity. Proposed explanations for reduction in reactor performance include power
surges, which could affect the concentration of active species produced, or excess liquid
on the samples which can promote filamentation of the plasma, thereby reducing active
species concentration. Furthermore, air was passed through the system through small
holes. Because of the air flow, active species may not have contacted the samples evenly
at all times. Although samples were placed in the chamber the same each time, airflow
would allow for some variation in machine effectiveness. This proposed problem has
been circumvented for future experimentation by providing larger, elongated air
portholes to maximize sample contact at all times.

Effect of pH, incubation temperature, and culture age
Although pH 5 is not inhibitory to the pathogens tested, it does provide a more
stressful environment that pH 7. The lower pH rendered most organisms more
susceptible to the OAUGDP, with the notable exceptions of L. monocytogenes after 24 hr
at 35°C and 24-hr B. cereus (discussed later).
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L. monocytogenes on media at pH 5 grew to much higher numbers after 24 hr at

35 °C than at pH 7 (9.08 versus 7.70 log CFU/cm2 , respectively). Therefore, the decreased
inactivation is most likely not due to the effect of pH, but to cell concentration. The
differences noted for incubation temperature and culture age again are due primarily to
the extreme differences in cell numbers. As previously discussed, increased biomass
would shield bottom cells from exposure to the active species produced by the
OAUGDP. Nonetheless, the obvious effect of pH on susceptibility is exemplified with Ohr samples. Overall, greater decreases in populations were seen for 0-hr samples at pH 5
than for those at pH 7. Additionally, the complete inactivation achieved within 240 sec of
exposure for non-sporeforming pathogens after incubation at pH 5 and l0°C clearly had
the most detrimental effect on microbial resistance to the OAUGDP. As expected,
susceptibility increased as the number of hurdles the bacteria has to overcome increased.
Intrinsic parameters

No significant difference seen between Gram negative and Gram positive
organisms, as a whole, contradicts findings by Kelly-Wintenberg et al. (1998). They
found that the Gram negative E.coli was more susceptible to the OAUGDP than the
Gram positive S. aureus. The proposed reason for this difference was the added thick
peptidoglycan layer around Gram positive bacteria offers added protection from the
active species. The reason that differences were not seen in this study is likely due to
equipment and process improvements that are frequently being made to maximize the
efficiency of the OAUGDP reactor. These changes have made more effective use of the
power and have increased the concentration and quality of active species present.
Conceivably, added resistance due to differences in vegetative bacteria would diminish.
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Gram positive, spore-forming bacteria showed greater resistance to the OAUGDP
than non-sporeforming organisms. B. cereus, being aerobic and possessing the ability to
sporulate, was most resistant to plasma inactivation. Kelly-Wintenberg et al. (1998)
reported that exposure times of >4 min were required to inactivate B. stearothermophilus
and B. subtilis spores. While spore counts were not quantified, microscopic examination
of 24-hr B. cereus cultures used in this study revealed that the majority of cells were
sporulating. B. cereus at l0°C was more resistant at pH 5 than at pH 7. Additionally, C.
sporogenes l0°C/5 treatment resulted in production of a greater number of spores and
greater resistance than the 35°C/5 treatment. The combined stresses oflower temperature
and lower pH proved to increase sporulation and therefore increase resistance to the
OAUGDP.
Including clostridia in comparisons was difficult because of the modifications in
methods that were required for anaerobes. Preliminary studies (data not shown) showed
that survival of clostridia was not supported by sample handling and treatments required
for this study. This may have been caused by the requirement for extended exposure to
oxygen throughout sample preparation as well as high air flow and the high level of
reactive oxygen species during exposure to the OAUGDP. Therefore, 48-hr cultures of
the anaerobic sporeformers ( C. sporogenes and C. perfringens) were used to promote
sporulation, and thus increased resistance to the rigorous aerobic procedures used in this
study. Additionally, reduced plasma exposure times were used to facilitate recovery. C.
sporogenes and C. perfringens were the most sensitive organisms tested despite the fact
that they are sporeformer. As anaerobes, the vegetative cells were likely more affected by
the highly toxic oxygen species produced by the plasma. In fact, Roberts et al. (1996)
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reported minimum temperature and pH requirements for C. perfringens of 12°C and 5.5
to 5.8, respectively. Stress from lower pH and/or temperature, combined with the stress
of extended exposure to oxygen and oxygen species may have rendered the pathogen
incapable of being recovered on agar media.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

This study was conducted to evaluate the effectiveness of a OAUGDP for
inactivation of foodborne pathogens on the surface of agar media. Three-strain mixtures,
of stationary phase cultures (2-strains for S. flexneri) were inoculated onto the surface of
non-selective media at pH 5 or 7. Samples were either immediately exposed to the
OAUGDP or incubated for 24 hr at 10 or 35°C prior to exposure. Population reduction
was measured by comparing counts for control (0 sec exposure) samples to samples
exposed to the plasma for various times.
Although there were no overall significant differences between Gram-negative
and Gram-positive organisms, spores were more resistant to plasma treatment than
vegetative cells. Additionally, anaerobes were very susceptible to the OAUGDP, likely
because of the highly toxic oxygen species produced by the plasma. Generally, organisms
exposed immediately after inoculation were readily inactivated by the plasma,
particularly at pH 5. After 24-hr incubation, lower temperature (l0°C) and lower pH (5),
especially when combined, rendered the organisms more susceptible to the OAUGDP.
Exposure times required for inactivation of microorganisms on the surface of
nutritious growth-supporting media were longer than shown on various non-nutritious
surfaces in previous studies (Kelly-Wintenberg et al., 1997; Montie et al., 2000). Longer
exposure times resulted in excess drying of the media, particularly after 24-hr incubation
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at 35°C. Otherwise, the physical appearance of the media was not noticeably altered by
plasma exposure. Further studies and ongoing improvements can help limit this drying
effect by minimizing exposure times.
This research has shown the effectiveness of using a OAUGDP for inactivating
pathogens on the surface of a semisolid, nutritious matrix that simulates some foods.
Treatments utilizing 35°C incubation on pH 7 media were intended to show the effect of
the OAUGDP on pathogens at or near their ideal growth conditions, while other
treatments provided a stressed or less favorable environment. Notably, cell
concentrations in actual food products likely would not reach levels as high as those used
in this study. However, it was important to use high initial populations to evaluate the
effectiveness of the OAUGDP, by enabling a recordable decline in bacterial counts over
increasing exposure time. Furthermore, since most perishable food products have a pH
below 7 and are stored below I0°C, this process has potential for pathogen control on
food surfaces.
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STATISTICAL ANALYSIS
SAS program editor

proc access dbms=xls ;
create work.beef.access ; ** must be first- creates descriptor;
path='a:sasdata I .xis';
worksheet="Sheetl ";
skiprows=l;
** skip 1 row (which has variable names) ;
** read variable names from row I;
getnames=yes;
scantype=no;
** scan columns to decide if numbers or text?;
** unfortunately, blanks are treated as char;
** if no, use formats in first row of data;
** convert numbers to char in char fields ;
mixed=yes;
** type var! =c var2=n;
umque=yes;
** create unique SAS variables names??;
** display column info in log;
list all;
create work.beef.view; ** start view creation;
** use all observations;
select all;
run;
proc access dbms=xls viewdesc=work.beef out=one;
run;
data zero; set one; if time=O;
rename logcfu_g =ctrl;
run;
proc sort; by ph temp organism; run;
proc means noprint; by ph temp organism;
var ctrl;
output out=xxx mean=ctrl;
run;
proc sort data=one; by ph temp organism;
data one; merge one zero; by ph temp organism;
lcfured= 1OO*(logcfu_g - ctrl)/ctrl;
run;
data one; set one;
if organism='B cereus'
then do;
spore='spore'; gram='gram+'; aerob='aerob '; end;
if organism='Clostridium perfri' then do;
spore='spore'; gram='gram+'; aerob='anaerob'; end;
59

if organism='Clostridium sporog' then do ;
spore='spore'; gram='gram+'; aerob='anaerob'; end;
if organism='E. coli 0157:H7' then do;
spore='nonspore'; gram='gram-'; aerob='aerob'; end;
if organism='L. monocytogenes' then do;
spore='nonspore'; gram='gram+'; aerob='aerob'; end;
if organism='S. Enteritidis ' then do;
spore='nonspore'; gram='gram-'; aerob='aerob'; end;
if organism='S. aureus
' then do;
spore='nonspore'; gram='gram+'; aerob='aerob'; end;
if organism='Shigella flexneri' then do;
spore='nonspore'; gram='gram-'; aerob='aerob'; end;
if organism='Vibrio parahaemoly' then do;
spore='nonspore'; gram='gram-'; aerob='aerob'; end;
if organism='Yersinia enterocol' then do;
spore='nonspore'; gram='gram-'; aerob='aerob'; end;
run;
**proc print; run;
proc sort; by ph temp; run;
¾macro rbdfact( dset,yvar);
data &dset; set &dset;
trtcomb=compress(phll'-'lltimell'-'l lagell'-' lltemp);
run;
proc sort data=&dset out=temp; by organism trtcomb;
proc means noprint; by organism trtcomb;
var &yvar;
output out=mmm mean=rawmean std=stddev;
run;
proc print;
title2 "Check equality of stddev for &yvar";
run;
proc mixed data=&dset;
title2 "Mixed ANOVA for &yvar";
class expplate organism ph time age temp;
model &yvar = organism! phi templtime(temp organism) initial/ predicted;
random expplate organism*ph*temp*expplate;
contrast "gram+ vs gram-" organism 1 1 1 -1 1 -1 1 -1 -1 -1;
contrast "spore vs nonspore" organism -7 -7 -7 3 3 3 3 3 3 3;
contrast "aerobe vs anaerobe" organism 1 -4 -4 1 1 1 1 1 1 1;
lsmeans organism I phi templtime( organism temp) / pdiff;
make 'predicted' out=rrr noprint;
make 'lsmeans' out=mmm noprint;
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make 'diffs' out=ppp noprint;
run;
¾ include 'a:pdmix612.sas';
title2 "Mean separation for &yvar" ;
%pdmix612(ppp,mmm);
proc univariate plot normal data=m;
title2 "Check on Normality for &yvar" ;
var _resid_;
run;
¾ mend;
**¾ rbdfact(one, logcfu_g );
*************************by ph temp***************** ************** ;
¾ macro byfact( dset,yvar,lvl 1,lvl2);
proc mixed data=&dset noprofile; by ph temp;
where ph=&lvl 1 and temp=&lvl2;
title2 "Mixed ANOVA for &yvar";
class expplate organism ph time age temp ;
model &yvar = organism time( organism) I predicted ddf= 112 1003 ;
random expplate organism*ph*temp*expplate;
parms (0) (.07514595) ( 0.31065261) /noiter;
estimate "mean gram+" organism 1 1 1 0 1 0 1 0 0 0/divisor=5 ;
estimate "mean gram-" organism 0 0 0 1 0 1 0 1 1 l /divisor=5 ;
estimate "gram+ vs gram-" organism 1 1 1 -1 1 -1 1 -1 -1 - l/divisor=5 ;
estimate "mean spore" organism 0 0 0 3 3 3 3 3 3 3/divisor=21 ;
estimate "mean nonspore" organism 7 7 7 0 0 0 0 0 0 0/divisor=2 1;
estimate "spore vs nonspore" organism -7 -7 -7 3 3 3 3 3 3 3/divisor=21 ;
estimate "mean aerobe" organism 1 0 0 1 1 1 1 1 1 l/divisor=8 ;
estimate "mean anaerobe" organism 0 4 4 0 0 0 0 0 0 0/divisor=8 ;
estimate "aerobe vs anaerobe" organism 1 -4 -4 1 1 1 1 1 1 l/divisor=8;
lsmeans organism time(organism ) / pdiff;
make 'predicted' out=m noprint;
make 'lsmeans' out=mmm noprint;
make 'diffs' out=ppp noprint;
run;
¾ include 'a:pdmix6 l 2.sas';
title2 "Mean separation for &yvar" ;
%pdmix612(ppp,mmm);
¾ mend;
¾ byfact( one,logcfu_g,5,0);
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%byfact( one,logcfu_g,5, 10);
%byfact(one,logcfu_g,5 ,3 5);
%byfact( one,logcfu _g, 7,0);
%byfact( one,logcfu_g, 7, 10);
%byfact( one,logcfu_g, 7 ,35);

*************************gram spore areob *******************************;
%macro gsafact( dset,yvar,lvll ,lvl2,type);
proc mixed data=&dset noprofile; by ph temp;
where ph=&lvl 1 and temp=&lvl2;
title2 "Mixed ANOV A for &yvar";
class expplate organism ph time age temp &type;
model &yvar = &type organism( &type) time( organism &type) / predicted ddf= 112
1003;
random expplate organism*ph*temp*expplate;
parms (0) (.07514595) ( 0.31065261) /noiter;
lsmeans &type organism( &type) / pdiff;
make 'predicted' out=rrr noprint;
make 'lsmeans' out=mmm noprint;
make 'diffs' out=ppp noprint;
run;
%include 'a:pdmix612.sas';
title2 "Mean separation for &yvar";
%pdmix612(ppp,mmm);
%mend;
titlel 'Gram, Spore, Aerobic Differences?';
%gsafact( one,logcfu_g,5, 0 ,gram);
%gsafact(one,logcfu_g,5, 10,gram);
¾gsafact(one,logcfu_g,5,35,gram);
%gsafact( one,logcfu_g, 7,0,gram) ;
%gsafact( one,logcfu_g, 7, 10,gram );
%gsafact(one,logcfu_g,7,35,gram);
%gsafact( one,logcfu_g,5,0,spore );
%gsafact( one,logcfu_g,5, 10,spore );
%gsafact( one,logcfu_g,5,35,spore);
%gsafact( one,logcfu _g, 7,0,spore );
%gsafact( one,logcfu_g, 7, 10,spore );
%gsafact( one,logcfu_g, 7,35 ,spore );
%gsafact( one,logcfu_g,5,0,aerob );
%gsafact( one,logcfu_g,5, 10,aerob );
%gsafact( one,logcfu_g,5,35,aerob );
%gsafact( one,logcfu_g, 7 ,0,aerob );
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¾gsafact( one,logcfu _g, 7, 10,aerob );
¾gsafact( one,logcfu _g, 7,35,aerob );
******************relative to time zero***********************;
%macro zerofact( dset,yvar,lvl 1,lvl2);
proc mixed data=&dset noprofile; by ph temp;
where ph=&lvl 1 and temp=&lvl2 and time ne 0;
title2 "Mixed ANOV A for &yvar";
class expplate organism ph time age temp;
model &yvar = organism time( organism) / predicted ddf= 112 1003 ;
random expplate organism*ph*temp*expplate;
parms (0) (.07514595) ( 0.31065261) /noiter;
estimate "mean gram+" organism 1 1 1 0 1 0 1 0 0 0/divisor=5;
estimate "mean gram-" organism 0 0 0 1 0 1 0 1 1 1/divisor=5 ;
estimate "g+ vs g-" organism 1 1 1 -1 1 -1 1 -1 -1 -1/divisor=5;
estimate "mean spor" organism 0 0 0 3 3 3 3 3 3 3/divisor=21 ;
estimate "mean nspor" organism 7 7 7 0 0 0 0 0 0 0/divisor=21;
estimate "sp vs nspr" organism -7 -7 -7 3 3 3 3 3 3 3/divisor=21;
estimate "mean aer" organism 1 0 0 1 1 1 1 1 1 1/divisor=8;
estimate "mean anaer" organism 0 4 4 0 0 0 0 0 0 0/divisor=8;
estimate "aer vs anr" organism 1 -4 -4 1 1 1 1 1 1 1/divisor=8;
lsmeans organism time( organism ) I pdiff;
make 'predicted' out=rrr noprint;
make 'lsmeans' out=mmm noprint;
make 'diffs' out=ppp noprint;
run;
¾ include 'a:pdmix612.sas';
title2 "Mean separation for &yvar";
%pdmix612(ppp,mmm);
%mend;
title 1 'Percent Reduction from Time 0';
¾zerofact(one,lcfured,5,0);
¾zerofact(one,lcfured,5 , 10);
¾zerofact( one,lcfured,5,35);
¾zerofact( one,lcfured, 7,0);
%zero fact( one,lcfured,7, 10);
¾zerofact(one,lcfured,7,35);
options ls=75;
proc freq data=one;
** tables organism*age*temp /list;
tables organism *time*temp/list;
run;
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